ABSTRACT-Conventional spacecraft subsystems are designed and manufactured separately, and are integrated only during the final stages of satellite development. This requires containers for the subsystems' hardware, mechanical interfaces, panels, frames, bulky wire harnesses, etc., which add considerable mass and volume. As all subsystems are generally secured to the structure, the multifunctional structure approach aims at merging these elements into the structure, so that the structure also carries out some of the typical functions of the subsystems (e.g. electrical energy storage). The main advantages are as follows: (i) removal of the bolted mechanical interfaces and most of the subsystems' containers; (ii) reduction of the satellite structure mass, as the strength of the parts of the subsystem imbedded into the structure are exploited, and substitute purely structural parts; (iii) reduction of the overall satellite volume, as elements such as battery packs or electronic harnesses can be built into the structure's volume. There are still issues that need to be addressed to allow a wider utilization of multifunctional structures. However, the development of concurrent engineering approaches, to carry out an integrated design of the spacecraft, together with advances in the subsystems' disciplines, will help to promote the further diffusion of multifunctional structures.
Introduction
The fundamental function of a structure is to maintain a specified configuration, appropriately constraining and supporting other elements, typically transferring mechanical loads between the parts. Very often, besides this fundamental function, a structure also serves other purposes, and in this case the structure is more precisely defined as a multifunctional structure (MFS). Most advanced engineering structures are indeed multifunctional. For example, an airliner fuselage, in addition to its structural support function, also provides appropriate environmental protection for crew and passengers; the aircraft wings, in addition to generating the lift force and providing appropriate attachment points for the engines, also contain the aircraft fuel (thus acting as a tank).
Typically, a satellite structure (Sarafin, 1995) , besides supporting appropriately the payload and the other spacecraft subsystems during the various phases of the life of the spacecraft (e.g. launch, mission operations, etc.), performs other very important functions (Fortescue et al., 2003) . The spacecraft structure provides thermal paths essential for the thermal control of the satellite, it provides electrical grounding for the craft electronics, and it contributes to the environmental protection (e.g. radiation shielding) of the spacecraft equipment. Therefore, to a certain extent, satellite structures can already be classed as MFSs.
Another type of multifunctionality often encountered in spacecraft structures is where the structural function is shared between subsystems. A typical case is that of enclosures for subsystems electronics, where the walls of the enclosure, besides carrying out the typical structural functions for that subsystem (and containing its electronics), are also part of the spacecraft primary structure. Typical examples are the Surrey Satellite Technology Limited (SSTL) microtrays (see Figure 1) , which, besides containing most of the spacecraft subsystems electronics, are stacked together to provide the main part of the primary structure.
Similarly, it is possible to have the structure of a payload that provides the primary structure to hold together the various parts of the spacecraft (see, for example, Figure 2) .
Usually, a system with a single function (i.e. monofunctional) can carry out this function with a high level of efficiency, in either engineering and/or economical terms. However when this "system" is assembled with others to become a subsystem of a more complex assembly, the creation of the appropriate interfaces to allow the subsystems to work together and different (often conflicting) subsystems requirements reduce the overall efficiency of the assembly.
The MFS approach tries to enhance the overall efficiency of an assembly (i.e. a system) by increasing the multifunctionality of its components (i.e. its subsystems), thus reducing their number and their interfaces, to avoid redundancies.
In the context of spacecraft structural engineering, the overall efficiency can be intended as proportional to the reciprocal of the spacecraft mass or volume, but more sophisticated performance indices can be utilized.
The spacecraft structure is typically considered as one of the spacecraft subsystems. However, unlike most of the other subsystems, which are physically located in specific positions of the craft (and are interfaced only with a few other subsystems), the structure is distributed throughout the spacecraft, typically interfacing with all the other subsystems. For its unique characteristics, the structure is the ideal media or foundation where the other subsystems can be imbedded and integrated.
In addition, within a spacecraft, there are other subsystems or parts of subsystems that have, within themselves, some form of structure, with mechanical properties that are not currently exploited. Their integration into the structure will save the mass and volume of the purely structural parts.
Considering purely connecting elements, such as the parts of mechanical joints (e.g. fasteners, etc., used to secure the subsystems interfaces), and the harness (used to electrically connect all the modules), in a typical satellite, more than 10% of the total mass can be attributed to these elements. In addition, items such as the typical harness Dshape connectors are quite bulky and require considerable space allocation, which in turn means a larger structure.
Similarly, fasteners need appropriate flanges and access for tools, which again increases the size of the structural parts. It is possible to see how there is a cascade effect, and the integration of more functions into structural elements has effects that go beyond the simple mass reduction produced by the elimination of the mechanical interface of the particular subsystems. There are also a considerable number of redundant/parasitic structures, such as the lids of electronic enclosures mounted against structural panels, which the MFS approach would eliminate.
In this paper, we describe various MFSs including typical spacecraft subsystems functions. Particular attention is focused on MFSs that include the power subsystem, as currently these offer considerable advantages with relatively minor complications. We also briefly review the use of this type of MFS for unmanned air vehicles. Finally, we discuss the issues that have hindered the diffusion and more widespread use of MFSs on spacecraft, together with possible ways forward to exploit the potential of these technologies. Figure 1 . SSTL Disaster Monitor Constellation bus showing details of the solid state data recorder (SSDR) electronics assembled on a "tray". The trays are highlighted in the picture as follows: on-board computer (OBC), global positioning system (GPS) and attitude determination control and stabilization (ADCS). These are assembled as a module stack, constituting the main part of the primary structure. Patch and quadrifilar helical (QFH) antennas are also shown in the picture. Figure 2 . The X-ray Multi-Mirror mission spacecraft is a very good example of payload integrated into the spacecraft structure. The front end of the X-ray telescopes, with the mirror modules, passes through the satellite's service module, closest to the ground. At the top is the section containing detectors at the focus of the X-ray telescopes.
Multifunctional Structures in Satellites
The major advantage offered by MFSs in satellites is the possibility to achieve large mass and volume savings. Conventional spacecraft elements are manufactured and packaged separately, introducing containers, load bearing plates, frames, bulky wire harnesses, and connectors to the final assembly of the spacecraft. It is estimated (Guerrero et al., 2001 ) that their elimination could reduce the volume and mass of a spacecraft by approximately 80% and 90%, respectively, and decrease the assembly and rework labor by up to 50%. These expected gains make the MFS approach an outstanding choice for cost reduction in a spacecraft.
A wide range of elements have been considered for integration into a spacecraft structure, such as microelectronics, microinstrumentation, sensors, power distribution, data handling, flexible circuitry, power generation and storage, advanced thermal management, radiation shielding, and propulsion (Fosness et al., 2000) . The structural strength of these elements, as far as present, can be exploited to replace some of the conventional spacecraft structure to maintain or improve the structural performance and provide the additional subsystem functionality.
Integrated Electronics
The electronics of the satellite subsystems (mainly components assembled on printed circuit boards) contributes to the major mass and volume fraction in a modern spacecraft.
Today's electronics assemblies are already highly miniaturized and the upcoming multichip module (MCM) technology will lead to a further reduction in weight and volume, by integrating complete circuit boards into a single chip. In this area, Angstrom Aerospace Corporation (see Hyvonen et al., 2006) , working with Saab Ericsson Space, has achieved a high level of packing density, creating an MCM based on silicon substrates with a step-by-step plan to introduce a new satellite system concept, known as the microlink concept. However, these concepts have still to achieve sufficient maturity for safe use, and currently the need for suitable mechanical interfaces, cabling and test access forces most of the electronics back into a full-size chassis, thus minimizing any gain in their miniaturization. Therefore, the aim of the electronics MFS technology is the optimization of the ratio of the electronics volume (and mass) to the total spacecraft volume (or mass), in order to eliminate parasitic elements and integrate the electronics system into the structure, while still maintaining some access for subsystem testing.
Suitable electronics subsystems considered for integration into the structure are the data transmission, data management, power distribution, instrumentation, communication, and diagnostic systems.
Lockheed Martin has already tested and space demonstrated a multifunctional electronics structure successfully on several missions (Deep Space I, STRV-1d, EO-I; Barnett and Rawal, 1999; Harris and Morgenthaler, 2000; Barnett et al., 2001) . The approach integrates advances in the area of electronics (MCM and flexible circuit boards), high-performance composites, and thermal management into a single system. The circuitry is bonded onto the face of a sandwich panel and flat MCMs are attached to it. In these areas, an MFS approach can lead to an estimated 75% reduction in harness and cable mass, a 50% increase in payload fraction, and a 40% increase in internal spacecraft volume (Chmielewski et al., 1996) .
A further possibility for an electronics MFS is the placement of the circuitry inside the structure (Rossoni and Panetta, 1999; Hahn et al, 2004) . The electronics can be embedded in a flexible substrate, replacing a conventional sandwich core, or it can be enclosed in the inner cavity of a rectangular frame covered by two face sheets. With the circuit located near the neutral axis of the structure, the static and dynamic load (and most importantly the strain) can be kept to a minimum, avoiding damage to the electronics.
For the control of devices located on the outer surface of the spacecraft, the required electronics can be located on the internal face of the same panels, with electrical conductors passing directly through the structure (Joshi et al., 1999) . The connection can then be achieved either via conductor traces that are encapsulated within a thin Kapton layer on the back of the panel or by using flexible circuits that are embedded directly into the material.
Sensitive electronic components are currently shielded from damaging space radiation by their storage boxes. Most of this protection is lost with the introduction of a multifunctional electronic structure, and this can lead to an order of magnitude increase in the dose of radiation received by the components (Spieth et al., 1998) . Also, the use of carbon fiber reinforced plastic (CFRP) in place of aluminum alloy to improve structural performance has been discouraged by the fact that pristine CFRP has a half-thickness (thickness required to filter 50% of the radiation) four times higher than standard aluminum alloys (Gaier et al., 1998) .
To reintroduce the lost radiation shielding, it has been suggested that materials that fulfill the structural and radiation specifications are implemented into the load carrying structure (Das and Obal, 1998; Brander et al., 2005; Marcos et al., 2005) . Concerning CFRP, it has been demonstrated that its capability to filter radiation can be strongly improved by intercalating the fibers (with the insertion of guest atoms/molecules between the layers of the fibers) before fabricating the composite. For example, Gaier et al. (1998) have shown that bromine intercalation can improve the filtering characteristics of CFRP by 90%, thus giving a thickness advantage compared to aluminum alloy.
The electronic MFS approach currently represents one of the most advanced designs in this area, and it has already proven its reliability on several space missions. The major concern about the electronic MFS is the miniaturization and integrity of the different electronic components, connectors, and cables, because these are the most fragile and expensive parts of the structure. This includes investigations of the vibration environment, thermal management, and radiation shielding of the electronics assembly. From a structural point of view, the inclusion of small and/or flexible components has only a minimal influence on the static and dynamic behavior.
Harness
Current cabling technology uses bundles of individual wires that require mechanical bindings, brackets, and large D-type connectors (see, for example, Figure 4 ) to connect the various pieces of equipment.
However, the mass of the proposed multifunctional cables is so small that they can be directly glued to the spacecraft structure, avoiding all the bindings and brackets of a conventional system. They consist of a flat matrix polyamide film that lays out the various wires side-by-side (see Figure 5 ) and is finished on each end with a low mass linear inter-connector (Guerrero et al., 2001) . A major concern about this type of cabling is the possible fatigue failure of the thin wires within the spacecraft structure, and an investigation has been carried out to ensure their integrity (Hyonny et al., 2006) .
It has been estimated that multifunctional cables could reduce the mass and volume of avionics cabling by 85% and 75%, respectively (Guerrero et al., 2001 ).
Thermal Management
Traditional passive and active thermal control systems for spacecraft can already be considered partially multifunctional as the thermal management is often integrated into the load-carrying structure. Today's passive control systems use appropriate materials and surface finishes to maintain the temperature at the required level. Active systems use mechanical or thermoelectric devices with moving parts and, although more effective, these are often less reliable and heavier than the passive systems (Fortescue et al., 2003) .
The use of a passive system with a heat sink material that connects the inner heat source to the outer surface of the satellite through the load-carrying structure is appropriate for a moderate and constant heat flux. For advanced tightly packed MCMs with a high energy density, more sophisticated passive systems are suggested. These include high conductivity filler for the core (Silverman, 2005) , and special thermal doublers under the electronics to spread the heat over a wider surface with a high conductivity face sheet in order to transform a honeycomb panel into an isothermal radiator fin .
Embedded heat pipes ( Figure 6 ) are a powerful heat spreading device for increasing and fluctuating heat loads in modern large spacecraft. This heat transmission network distributes large amounts of heat over a large area of the satellite structure, transforming the structure into an effective thermal sink (radiator). Heat pipes have been in use for a long time in spacecraft design, but new multifunctional approaches are emerging for improved per- formance. Extruded metal honeycombs with channel-like cells that transport the cooling fluid have been proposed (Seepersad et al., 2004) . These can be tailored to the required structural performance and the necessary heat transfer capabilities. A thermal energy storage sandwich structure is a further multifunctional possibility (Wirtz et al., 2004) . It consists of a laminate of aluminum sheets with thin channels, which are filled with phase changing materials that can store the heat during periods of high power operations, and subsequently release it from the system during periods of reduced power operation. The use of cellular materials for thermal management has also been demonstrated with the deposition of template cellular structures acting as micro heat pipes (Queheillalt et al., 2001) .
The design and research of thermal management MFSs are primarily led by the heat absorption requirements of the system. Once the required layout is known, the influence of the heavy and stiff embedded components on the static and dynamic behavior of the MFS is addressed, and the original structure can be modified accordingly to exploit the mechanical characteristics of these elements.
Smart Structures
Spacecraft performance can be degraded by a number of factors, including deployment failure, on-board microvibration from mechanical sources, such as reaction wheels and cryocoolers, and thermal gradients across the satellite. The "smart structure" approach is an MFS technology that embeds sensors and actuators inside the structure to provide a direct measurement and an active control, respectively.
It must be noted that smart structures have attracted much interest in the past few years and several good review papers have been written on this specific subject (Sater and Crowe, 2000; Chopra, 2002; Chung, 2004; Hurlebaus and Gaul, 2006) . In the context of this particular review of MFSs for satellites, only the most relevant applications are mentioned and the reader is referred to the above references for an in-depth review of the subject.
A major application of the smart structure is the health monitoring system. This provides the satellite structure with self-diagnostic functions to improve the reliability and safety of the structure during manufacture, environmental tests, and operation in space. Possible measurements include strain mapping, deformation and shape determination, vibration detection, micrometeorite damage detection, distributed temperature measurement, and radiation dosimetry. Surface mounted or unintrusively embedded optical fiber sensors provide high accuracy strain and temperature measurements for health monitoring (Haake et al., 1997; Friebele et al., 1999; Kabashima et al., 2000) .
A further smart structure application is the active control of the structure to correct or compensate for detected problems, such as bending vibrations and thermal distortion. Possible actuators are piezoelectric materials and shape memory alloy (SMA) fibers. This topic has recently attracted much attention in the literature and a wide range of actively controlled systems are available (Birman, 1994; Trindade et al., 1999; Miller et al., 2000; Elzey et al., 2005 , to mention just a few).
The main concern for multifunctional health monitoring systems is the accurate signal processing and interpretation of the measured data. With a fiber diameter of 40-120 µm, the static and dynamic influence on the MFS is negligible and the only concerns are the possible delamination and failure of the composite. However, the purpose of the actuators is the active control of vibration and therefore a profound understanding of their influence on the structure is required.
Finally, smart structures can carry out energy harvesting (Sodano et al., 2004) , converting the energy of a vibrating structure into useful electrical energy. However, within satellite structures the levels of vibration energy are so low that, so far, this concept has not been exploited.
Multifunctional Power Structure Systems
Most satellites have a power system composed of solar arrays for the generation of the required energy, batteries to store this energy and make it available to the spacecraft in the absence of sufficient solar radiation, and a power management system to control the exchange of electric energy between these two elements and the rest of the spacecraft.
Some modern batteries, such as plastic lithium ion (PLI) cells (Vincent and Scrosati, 1997) have considerable mechanical properties, which are not currently exploited because only the electrical properties of a battery are utilized by the spacecraft. In addition, on spacecraft, the cells are packed in relatively heavy and bulky containers, bolted to the rest of the structure, thus adding considerable parasitic mass and requiring a substantial volume allocation.
In principle, a much more efficient design can be achieved by exploiting the mechanical properties of the batteries, even to the extent of designing batteries to have a useful structural capacity so that the cells become part of the structure. Alternatively, the cells may make use of existing structures within their current individual packaging, which reduces or eliminates the parasitic mass and may also remove much of the volume of the battery pack from the spacecraft.
Various companies and space agencies have produced prototypes or concepts of multifunctional power structures. These organizations and the power structure systems that they have developed are described in the following sections.
Flexible Integrated Power Pack
Lightweight thin-film photovoltaic cells can be combined with a thin-film lithium polymer battery to produce a thin structure that is capable of generating and storing electrical energy (Raffaelle et al., 2000 (Raffaelle et al., , 2002 Hoffam et al., 2001 ).
ITN Energy Systems, a United States company based in Littleton, CO, has proposed several multifunctional power systems based on thin-film lithium batteries and solar photovoltaic (PV) materials. The first was their Flexible Integrated Power Pack (FIPP; Clark et al., 2000) , which would be a complete power system in one thin-film material. The proposed FIPP comprises a three-layer laminated film made of thin PV cells, lithium polymer thinfilm batteries and power management electronics on a polyamide substrate. The resulting material would be bonded to the outer skin of a spacecraft providing power generation, storage and control without the need for additional structure, assuming that the surface area of the spacecraft was adequate to produce the power required. GSE, a company part owned by ITN, have produced flexible PV cells on a polyamide substrate with a total thickness of less than 0.1 mm, and ITN have considerable experience in manufacturing thin-film batteries. A prototype flexible power management system, also constructed on polyamide, has also been produced.
If more area were required, the FIPP could be fixed to normal array panels. However, given the poor conversion efficiency of the PV cells when compared to the latest gallium arsenide technology, the FIPP does not present an economical alternative to standalone solar arrays, as it would require a doubling of array size. A demonstration FIPP unit has been built as a proof of concept, but there are no production FIPP units in service yet. In theory, the FIPP could produce 20 W of power per kg of mass for a 28 V bus power requirement.
The mass of any separate structural packaging required by the power system would be eliminated by using the FIPP. However, the mass added to the existing structure by the FIPP would require an increase in the stiffness, which would be paid for in additional structural mass. It is reasonable to assume that this additional mass would be less than the parasitic mass eliminated. Additionally, the volume of the FIPP would be spread over the outside of the spacecraft, allowing either a larger payload or a reduction in the overall volume (and thus the structural mass) when compared to a conventional arrangement.
The fact that the FIPP would be supplied as a sheet of material makes it very scalable. The sheet would be supplied in a self-contained form, and thus little more work (connections between cells, for example) would be required for a larger spacecraft; a larger number of individual sheets might be required, but the total amount of touch labor would not be significant.
The FIPP would thus offer a large performance advantage to any spacecraft with a small power requirement compared to its surface area.
LiBaCore
Another technology proposed by ITN is LiBaCore, standing for lithium battery in a honeycomb core (Marcelli et al., 2002) . The principle of the LiBaCore is to fabricate ITN's lithium polymer thin-film batteries on the large amount of otherwise unused surface area available within a honeycomb core, as shown in Figure 7 . This results in a structural sandwich panel with significant integrated power storage, and the only additional mass is that of the cells themselves.
In order to deposit lithium polymer thin-film batteries onto aluminum or titanium aluminide (the normal materials used for honeycomb cores), significant changes had to be made to the fabrication techniques; specifically, the process had to be altered to allow a lower fabrication temperature. Because the normal cathode material (LiCoO 2 ) has to be heated to temperatures above the melting point of aluminum, a different material had to be used, namely lithium molybdenum oxide. A demonstrator was produced and operated, but once again the technology is not yet in use. The demonstration panel was based on lab-produced cells that were encapsulated in paraffin wax, which is a poor system in terms of both effectiveness and mass. As a result, the capacity of the cells degraded rapidly and significantly (to less than 10% of initial capacity).
Much like the FIPP, LiBaCore eliminates the conventional parasitic mass of the battery pack but adds structural mass, as the stiffness of the LiBaCore panel needs to be increased. The volume of the battery is zero in this case, as no additional volume is required (internal or external).
The large number of cells produced from raw materials in a LiBaCore panel means that the fabrication process would have to be automated in order to be economical. Making connections within the battery between such a Figure 7 . LiBaCore: lithium polymer thin-film batteries are fabricated on the surface within the honeycomb core cells.
large number of cells also poses a significant technical challenge.
Power Fibers
Power fibers (Neudecker et al., 2003) are the most recent development from ITN, and take the use of thinfilm lithium batteries in MFSs even further. The principle of a power fiber is to deposit the batteries directly onto a thin fiber of carbon, glass, silicon carbide or a metal, as shown in Figure 8 . The resultant "power fiber" may then be used to produce a woven fabric, composite material or simply a very compact battery (as batteries deposited on 50 µm fibers have a very large surface area when compared to those fabricated on sheet materials). ITN have produced several different power fibers, using various substrate and electrode materials, and even "power composites" incorporating multiple power fibers in an adhesive matrix. Tests on the power fibers have indicated that they have outstanding properties in terms of rate capability (up to 50 C 1 ) and cycle life, surviving for over 2000 cycles at 100% depth of discharge (DOD) for a 50 C discharge rate, and over 90,000 cycles at 100% DOD for a discharge rate of 8 C.
The thin-film battery coating of a power fiber would effectively bulk out the matrix of a composite material, and would thus add a small structural contribution. The power-fiber-based MFS would also eliminate both the parasitic mass and volume of the conventional battery.
The main obstacle to using power fibers in a real power system would seem to be that of connecting the individual cells together. A single power fiber on a 100 ìm substrate has less than 1 mWh of energy storage capacity per meter of length, and so hundreds of thousands of fibers would be required to provide enough storage for even a fairly small spacecraft.
PowerCore
Produced by Boundless Corporation of Boulder, CO, PowerCore TM (Lyman and Feaver, 1998 ) is in some respects a similar technology to ITN's LiBaCore system, consisting of a battery system that also acts as a core for a sandwich material. The principal difference is that PowerCore uses nickel metal hydride battery chemistry instead of lithium. Rather than depositing the battery onto a sheet for fabrication into a honeycomb, the honeycomb structure is fabricated from nickel foam, and then the active electrode materials are sintered onto it (Metzger et al., 1998) . The nickel foam honeycomb has similar properties to an equivalent aluminum structure, and so the only mass contributions from the battery are the active materials (nickel hydroxide and metal hydride electrodes and potassium hydroxide electrolyte) and the encapsulation necessary to avoid leakage. Effective specific energy capacities (where the mass of the battery is taken as the mass of the MFS less that of an equivalent inert structure) in excess of 80 Wh kg -1 were achieved for some samples, and theory suggests that further optimization could easily provide over 100 Wh kg -1 , compared to 50-60 Wh kg -1 for standard nickel metal hydride batteries. The parasitic mass of any battery packaging is also eliminated, as is the volume of the battery.
The largest PowerCore panel produced so far is only 4 × 2 inch 2 in size, with a core thickness of 0.5 inch. Given that each strip in the honeycomb requires only one connector, even a large panel would not require an excessive number of connections.
Although initial demonstration units of PowerCore were produced as early as 1998, there have been no further publications of results, and there is no evidence of imminent commercial exploitation. It seems likely that Boundless have abandoned NiMH technology for the lighter lithium technology used in their structural bicells.
Structural Bicells
A bicell is a single integrated battery that incorporates two electrochemical cells. The cells share one common electrode, either the anode or cathode, which is sandwiched between two of the other electrodes. In the case of the Boundless structural bicells (Olson et al., 2003) , the common electrode is a standard LiCoO 2 anode, whilst the two cathodes are composed of a partially saturated carbon fiber composite. The carbon fibers act as the intercalation compound for lithium ions; however, because they are partially reinforced with resin, they also provide considerable structural support. Because the fibers pass in and out of the matrix, the entirety of the carbon cathode can intercalate lithium even if the fiber mat is almost entirely reinforced; only one face of the cathode needs to be free of resin.
Flat bicells have been constructed for general reinforcement and use as core components, with vibration testing being undertaken at the University of Southampton on a sandwich panel (as shown in Figure 9 ) that uses these bicells to form part of the core (Schwingshackl et al., 2006a (Schwingshackl et al., , 2006b (Schwingshackl et al., , 2007 . Boundless also fabricated corrugated bicells in order to make honeycomb cores entirely from structural bicell materials. As for PowerCore, the structural bicell core requires only one electrical connector per bicell strip, which means that the technology could be applied to large structures without significant increases in complexity.
Off-the-shelf Components
Fabricating custom-built electrochemical cells is a lengthy and expensive process, and can add considerably to the cost of a battery . As such, producing custom-built cells for MFSs is not always costeffective for small production runs. Work is underway at the University of Southampton to produce multifunctional panels that harness the structural properties of commercial off-the-shelf PLI cells (Roberts and Aglietti, 2006b ). Prismatic PLI cells are used as a core component in a sandwich panel, as indicated schematically in Figure 10 .
This work is currently in the feasibility stage. A panel has been produced to test the viability of the manufacturing process, and the cells that have been selected for use in the structure have been subjected to vibration testing to qualify them for the launch environment (Roberts and Aglietti, 2006a) .
The mass saving offered by this method is largely the elimination of parasitic battery mass, and the reduction in spacecraft volume. The stiffness-to-mass ratio of the cells will be significantly less than the surrounding honeycomb; however, judicious placement of the cells would ensure that the mass they add has less effect on the structure than the marginally increased stiffness.
The small capacity of commercial PLI cells (up to 1 Ah, or around 4 Wh, per cell) places a limit on the size of a battery produced from such cells. A large spacecraft would require several hundred such cells to be distributed through the structure. However, given that the concept uses commercial materials and requires only a small amount of additional touch labor, it could be used economically in small production runs.
Additional Uses in Spacecraft
The MFS approach could also replace the large and bulky fuel tanks of a modern spacecraft. A multifunctional frame can act as the load-carrying structure in combination with a pressurized fuel storage system. The pressurized fuel could increases the stiffness, vibration damping, and heat transfer of the structure (Nayeb-Hashemi and Vaziri, 2001; Baucom et al., 2005; Pogue et al., 2005) .
A satellite radar antenna is a further proposed MFS application. Extensive parts of the signal conditioning and transmission electronics are placed on the antenna itself, which is designed as a conformal sheet that can be molded onto any load-carrying structure (Das and Obal, 1998) . A different multifunctional communication approach integrates a multiarm spiral antenna into the core of a sandwich panel (Lockyer et al., 1996) .
Once the MFS approaches have proven their reliability in space, more advanced systems can be planned, culminating in an integrated satellite system with a "plug and play" payload module (Rossoni and Panetta, 1999) .
A long-term research objective is to advance MFS technology to the next stage, which is the development of thin flexible sheet-like multifunctional membranes for use on future spacecraft (Moore, 2001) .
Structure Power Systems for Other Applications
Unmanned aerial vehicles (UAVs) have some features in common with spacecraft, which make MFSs an attractive and economical proposition. The small size of most UAVs means that mass savings in all subsystems are critical. Many of the smallest UAVs are electric powered, and so in their case the batteries are a large proportion of the total mass; a reduction in battery mass (or rather, an increase in effective specific energy) translates to a significant increase in available payload or maximum range.
The Multifunctional Materials Branch of the Defense Advanced Research Projects Agency (DARPA) and the Naval Research Laboratory (NRL) in the United States have introduced the use of MFSs for small UAVs, also known as micro unmanned aerial vehicles (MAVs or µAVs), in partnership with the UAV manufacturer AeroVironment, Inc. . The Wasp UAV has part of its wing upper surface replaced with PLI batteries (the metallic foil on the wing in Figure 11 is the encapsulation of the battery). Rather than producing generic structural power storage materials, the UAV is designed from the outset to have optimal power storage and structural performance, using multiobjective analysis (Ashby, 2000; Qidwai et al., 2002a Qidwai et al., , 2002b ) to achieve maximum endurance. Computerized tools are used to optimize the design of structural power elements. Analysis of conceptual designs suggests a potential 10% improvement in endurance over the best unifunctional batteries available, and a prototype has flown for an impressive 1 h 47 min from a single charge (Thomas et al., 2003) .
The cell chemistry used in this application is the same as the standard PLI cell. Initial trials at DARPA attempted to use various commercial PLI cells as the web of an "I" section beam. However, this proved unsuccessful, as the only bonding area around the edges of the cells is a thin band of encapsulation. The encapsulation is only a thin layer of plastic/aluminum laminate, and thus has virtually no structural capacity when loaded as a shell. Instead, custom-built cells are manufactured directly on the upper wing surface. Thus, the structural properties of conventional PLI cells, which are of the same type as those that are commercially available, are used, albeit at a far greater cost because of the need to custom build them. It is notable that cells based on commercial types have been used, as such cells have undergone feasibility tests for use in spacecraft (Wang et al., 2006) .
Another recent development is the use of a fuel cell based multifunctional wing structure on the Hornet UAV (Keennon, 2003) . In this case, the structure of the wing is reinforced by the metallic mesh that forms part of the fuel cell. The fuel cell technology, developed by Lynntech, Inc., offers excellent energy density (reportedly up to 400 Wh kg -1 is achievable). However, rather than carrying pressurized oxygen and hydrogen, hydrogen is evolved from a solid material reacting with water stored on the aircraft, and oxygen is taken from the air flowing over the wing. This technology is thus less appropriate for use in space, where on-board oxygen storage would still be necessary.
More information on the use of MFSs in UAVs, together with discussions of the design issues concerning this particular application, can be found in Smith et al. (2000) .
Challenges to Multifunctional Structure Implementation on Satellites
The main issue that has hindered the development and wider utilization of MFSs in current satellites is the fact that, to fully exploit the potential offered by MFSs, an integrated design of the spacecraft must be carried out. The spacecraft subsystems cannot be designed and built independently, as commonly happens, but from the start the subsystems must be designed in an integrated manner. This allows us to take advantage of the characteristics of the other subsystems, saving on redundant elements.
To a certain extent, the desire for greater integration goes against the current trends of modularity and greater fractioning of spacecraft functions into separate subsystems that can be independently sourced. The latter has produced a strong competition in the market for spacecraft subsystems suppliers and considerable economic savings for the spacecraft prime contractors. In turn, this has produced a fragmentation of spacecraft design, with most of the subsystems independently designed (although with appropriate interface requirement); this fragmentation is the main obstacle to the implementation of a truly integrated design.
Admittedly, this trend has also been enhanced by the increased complexity of spacecraft that makes it very difficult for a company to have in-house the necessary knowhow to carry out the detailed design of all the subsystems. However, this argument can be compensated in part by the application of a concurrent engineering approach to design development (Bandecchi et al., 1999; Gaudenzi, 2006 ), to achieve a higher level of integration in the satellite. This approach is particularly suited to small companies (for example, SSTL in the UK or AeroAstro Inc. in the United States), which operate in the microsatellite market. Their relatively small teams of designers and analysts, together with the relative simplicity of the crafts, allow easy communication within the teams, which in turn allows an integrated design to be carried out.
Another issue generated by the MFS approach is the possible reduction of the efficiency of the individual subsystems, when these are designed as part of an integrated multifunctional system. This potential issue can be quantified using appropriate overall performance indices for the multifunctional system and comparing the figures with those for the conventional system (made up as an assembly of non-multifunctional subsystems) that performs the same functions.
Related to the reduction in redundancies produced by the MFS approach (e.g. through the elimination of parasitic structures), there is the potential for a decrease in the robustness of the system. In fact, the failure of an MFS would most likely produce the loss of all its functions, and this could be catastrophic for the spacecraft. Therefore, the reliability of MFSs becomes of paramount importance for their practical implementation.
Accurate mathematical modeling and testing of the MFSs have to reach a satisfactory level of reliability to allow safe implementation of these technologies. 
Conclusion
In this paper, we have reviewed the current state of the art in the area of MFSs and related technologies for satellite applications.
Researchers in various countries have considered a variety of spacecraft elements and subsystems that can be integrated in the structure, with results that, in some cases, produce savings (in terms of mass and volume) of one order of magnitude. Some technologies, which integrate advances in the electronics with high-performance composites and thermal management into a single system, have already been successfully flight tested.
Particular attention has been focused on MFSs that include the electrical power storage function, as this is an area that shows great potential.
Although there are clear advantages to the multifunctional approach, there are still challenges and issues that need to be addressed to allow a wider practical implementation of these technologies. For example, the necessity to carry out an integrated design of the subsystems included in the MFS is one of the practical complications in implementing the multifunctional approach. Validation of the processes and reliability of the hardware, including testability, are also areas where further progress is necessary to gain the confidence that is necessary for a wider utilization of MFSs.
However, the development of concurrent engineering approaches, to carry out an integrated design of the spacecraft, together with advances in the subsystems disciplines, and the miniaturization of their hardware, will help to promote the further development and use of MFSs. Note 1. A "C" rate refers to a current as a proportion of the battery's capacity. A current of 1 C (in amps) means that the discharge is at a rate of the battery's capacity (in amp-hours). Thus, a current of 1 C will fully discharge the battery in 1 h, 2 C will discharge in half an hour, and so on.
